Micrometer-sized droplets of saturated sodium chloride solution were captured in an electrodynamic levitator and maintained at constant diameter for several days at a time. Both pure droplets and droplets containing 0.5-/,tm subparticles (guests) were studied by means of 90-deg scattering of polarized laser light. Analysis of the correlation function for the intensity of the scattered light gave characteristic decay times of -9 ms, which has a good correspondence with the physical parameters of the solution and the size of the subparticles. Longer characteristic times are measures of morphological features of the electromagnetic field intensity in the host particles. A new phenomenon was observed when the exit polarizer was crossed to the input polarization. Scattered light corresponding to light from the guest particles could only be visualized from a shell near the exterior of the sphere and not from the interior of the host droplet.
Since the development of the quadrupole levitation balance,`-4 studies of the spectroscopic characteristics of levitated micrometer-sized droplets have become an active field of investigation.
Recently IR, 5 ' 6 fluorescence, 7 and Raman 8 spectroscopies have been demonstrated. Of particular interest are the electromagnetic morphological resonances, which allow efficient transfer of energy between molecules in microdroplets separated by distances far larger than are characteristic for F6rster transfer. 9 The variety of experiments using these electrodynamically isolated micrometer-sized droplets suggests that applications not otherwise possible will arise for this "world's smallest test tube." In one example, the use of a sufficiently small droplet of nonfluorescent solvent as host with a few fluorescent molecules present gave sufficient sensitivity to detect the presence of a single molecule of Rhodamine.' 0 While many studies have concentrated on pure droplets, composite microparticles are not unusual (e.g., in naturally occurring aerosols). In this Letter we discuss our experiments that show that the interaction between host droplets and smaller guest subparticles can be probed by optical means. Further, the results suggest that photon-correlation spectroscopy with this system will allow exploration of Brownian motion within novel and well-defined boundaries. Droplets with diameters in the 30-1 Am range were captured in a hypberbolic quadrupole balance, which has been described and demonstrated previously. 2 ' 7 The trap is contained in a sealed chamber with a reservoir attached so that the droplet may be brought into equilibrium with a damp atmosphere, which makes maintenance of droplets of solution at a constant diameter for periods of several days routine. Laser light (633 nm for quasi-elastic scattering, 514 nm for fluorescence) polarized parallel to the scattering plane irradiates the particle through a port in the chamber, and quasi-elastic or fluorescent scattering is detected through filters by a photomultiplier (Hamamatsu R928P) and measured by photon counting. A bandpass filter (560 nm, halfwidth 10 nm) was used for fluorescence only. In addition a long-pass filter transmitted less than 0.1% below 530 nm and 90% above -580 nm. The exit polarizer intercepts 90-deg scattering and may be rotated to be parallel or perpendicular to the scattering plane. The guest particles were 0.46-ttm carboxylated fluoresbrite spheres (Polysciences, Warrington, Pennsylvania, catalog no. 18720) at a 1/40 dilution from a 2.5% solids suspension into room-temperature saturated salt water. This gives a suspension of approximately 1.2 X 1010 guest particles/mL as was verified by microscope counting. After one day in the working suspension, -90% of the particles are still singles. This concentration corresponds to an average of 168 particles in a 30-,tm droplet. The diameter of the host particle was estimated to within 10% by the geometrical model of the distance between glare spots." Changes in mass were monitored to -0.1% by following the dc balancing voltage.
Droplets were monitored until an equilibrium with the vapor was reached. This was determined by long periods (hours) with absence of Mie-like changes in photon scattering and the absence of changes in mass. When no guest particles were present, fluctuations in the average number of photons scattered were small in both the parallel and perpendicular cases -1.20. Using the gravitational potential, one obtains a factor of -1.7 times higher probability of finding the guests at the top rather than at the bottom of a 30-pum particle, which corresponds well with our visual impression. The fact that the visible flashes in the ring of fireflies accords with the gravitational position of the guests suggests that the flashes correspond to the location of individual subparticles rather than an interference phenomenon far from its source.
In Fig. 2 lar scattering. A similarly large value for departures from the mean value was observed when fluorescence was measured to verify the presence of the guests. When the microdroplet is viewed microscopically through a cross polarizer a striking phenomenon is seen. Figure 1 shows the view through an in-plane (parallel) exit polarizer and through a perpendicular exit polarizer with no back lighting. For in-plane polarization, one sees only the two glare spots." 1 When the exit polarizer is crossed, one sees a "ring of fireflies" individually flashing on and off. The glare spots dim and sometimes vanish. The majority of the spots are at the top of the particle, showing that the flashing spots correspond to the position of the guests, which have a density of -1.05 in contrast to the saturated salt water, which has a density of mean-square fluctuation. In Fig. 2 (a) the scattering particle is saturated sodium chloride solution with no guests present. The autocorrelation function shows no discernable trend and is quite similar to that obtained for random noise. In Fig. 2(b) we show the autocorrelation function for this experiment performed with guests present. There are two clearly defined characteristic times for this graph.
If we take the decay as exp(-Tr/,r), with Tr a characteristic time, then in Fig. 2(b) we have rl (the shortest characteristic time) equal to -9.5 ms. We take 4 we may solve for the radius a of the guest particles. We obtain a value of 0.74 Aum for a, which is close to three times the nominal radius. This may be due to an increased probability for the guest particles to form multiplies when confined inside the host droplet. The longer characteristic times are hundreds of milliseconds. Other measurements with the same droplet gave characteristic times as long as several seconds. At this time we can only hypothesize that these long tails may be associated with diffusion of the guest particles with respect to intensity patterns of the electromagnetic field in the host droplet.
In discussing the ring of fireflies we first note that, aside from interactions with the gravitational field, we expect the guests to be evenly distributed throughout the host since charge on the guests is effectively screened. For these particular particles, observation of the suspension in a cuvette showed that the particles remain suspended in bulk and do not segregate to the surface in times longer than the time the droplets in our measurements were suspended. The presence of flashes detectable in cross polarization must come from the symmetry-breaking presence of guests of different dielectric polarizability from the host. In the absence of guests, the droplet approximates a perfect sphere for which symmetry dictates that the initial polarization is preserved.
The ring becomes visible when the intensity from the glare spots becomes greatly reduced with cross polarization and suggests that interactions with the electromagnetic field are more probable near the surface of the droplet. A recent article' 5 shows that electromagnetic field intensity in a sphere with a size parameter comparable with that of the present host shows regions of concentration near the surface in the region near the internal shadow that results from a plane wave intersecting a sphere. (For spheres of large-size parameter off resonance, calculations using Mie theory or a geometrical-optics approximation gave similar internal intensity patterns.' 5 )
The initial results of photon-correlation spectroscopy inside micrometer-sized droplets indicates that the properties of both host and guest affect the results. While this complicates interpretation, it also opens a window for studying the internal dynamics of composite particles.
